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2012.05.0Abstract Satellite data product validation and algorithm development activities both require the
substantial accumulation of high-quality in situ observations. Data were acquired from Ocean Col-
our Monitor (OCM) and in situ observations for tuning of Tassan’s algorithm (Tassan, 1994) to
retrieve the suspended sediment concentration (SSC) in the coastal waters off southern Karnataka,
India. Tassan’s algorithm has been modiﬁed regionally by adopting statistical/graphical criteria to
characterize the spatial and seasonal distribution of SSC. A concurrent and collocated datasets
(n= 120) of in situ SSC and OCM based remote sensing reﬂectance [Rrs(k) in bands 490, 555
and 670 nm] were regressed. The linear ﬁt yielded regionally tuned new coefﬁcients which were
replaced in place of Tassan’s global coefﬁcients. The tuned algorithm was shown to retrieve SSC
with range of 1.1–37.12 mg/l, which means it can be used for coastal waters. Since in situ samples
were collected within the continental margin (average depth of 20 m), we retain the global SSC
algorithm (Tassan, 1994) approach for deeper bathymetric values (>50 m depth) where we have
no in situ measurements. Comparative analysis indicated statistically signiﬁcant relationship
(R2 = 0.99; n= 45; p< 0.05 at 95% conﬁdence level) between in situ SSC and regionally
tuned algorithm based SSC, with bias of 0.36 mg/l and root mean square (RMS) difference of
0.73 mg/l. This result clearly demonstrated the improvement of SSC measurement from OCM usingping Group, National Centre
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68 K. Avinash et al.regionally tuned Tassan’s algorithm (RMS= 0.73 mg/l) over the globally coefﬁcient based Tas-
san’s algorithm (RMS= 16.1 mg/l).
The tuned regional algorithm was used to estimate SSC in 2004, 2005 and 2007 which shows the
concentration varied from 1.13 to 28.1 mg/l in 2004, 1.84 to 23.12 mg/l in 2005 and 2 to 27.85 mg/l
in 2007. Graphical and statistical methods using analysis of variance (ANOVA) have shown signif-
icant seasonal variability and inter-station spatial variability in SSC. Peak concentrations were
recorded in the post-monsoon followed by the pre-monsoon period. The wind, wave and current
pattern associated with southwest monsoon possibly controls the seasonal distribution, while near-
shore turbulence and littoral transport inﬂuence the spatial distribution. This paper clearly demon-
strated the potential application of regionally tuned algorithm for SSC mapping to study the spatial
and seasonal pattern in shallow water off southern Karnataka.
 2012 National Authority for Remote Sensing and Space Sciences.
Production and hosting by Elsevier B.V. All rights reserved.1. Introduction
Oceans occupy about 70% of the Earth’s surface, which play
an important role in the climatic conditions of the adjacent
land regions. Coastal areas are important ecological zones, be-
cause more than 50% of the world’s population lives within
60 km of coasts. Moreover, 90% of the world’s ﬁsh catch
comes from coastal and shelf sea (Pernetta and Milliman,
1995). Coastal areas are potential zones of marine resources
for a country like India which has approximately 7500 km of
coastline. Oceanic water circulation dynamics along the coast
are important in understanding the numerous physical, chem-
ical and biological processes in operation nearshore (Clark,
1995; Tang et al., 2002). The study of suspended sediment is
of ecological interest as sediment comprises various inorganic
and organic substrates and becomes the main substratum for
biogeochemical processes. It also affects the penetration of
light, transport of nutrients, shoreline morphology and other
coastal processes.
The colour of seawater depends on the relative concen-
trations of optically active water-column constituents,
including phytoplankton pigments, non-algal particulate
and dissolved organic carbon, and water molecules them-
selves (Morel and Prieur, 1977). Coastal waters (Case 2)
are characterized by relatively high phytoplankton, sus-
pended sediment concentrations (SSC) and yellow substances
as compared to open oceanic environment (Case 1). Gener-
ally, the optical properties of suspended sediment are highly
nonlinear with many factors such as particles size, shape and
colour inﬂuencing the optical properties of suspended sedi-
ment (Pak et al., 1970; Baker and Lavelle, 1984; Stumpf
and Pennock, 1989; Kirk, 1994; Sydor and Arnone, 1997).
As a result, the use of colour-ratio bio-optical algorithms
to estimate the coastal water constituents from remotely
sensed ocean colour data is often difﬁcult owing to its opti-
cally complex nature induced by river inﬂux and local geo-
logical phenomena (Gordon et al., 1980; Kishino et al.,
1998; O’Reilly et al., 1998). In addition, the bottom reﬂec-
tance often contributes signiﬁcantly to observed remote sens-
ing reﬂectance in shallow bathymetric region (IOCCG,
2000). Several researchers have attempted to measure the
SSC in the coastal waters based on understanding of the
reﬂection, absorption and scattering of light by water and
its constituents (Klemas et al., 1974; Gordon and Morel,
1983; Tassan and Strum, 1986; Ritchie et al., 1990; Hookeret al., 1992; Forster et al., 1993; Tassan, 1994; Chauhan
et al., 1996; Allee and Johnson, 1999; Thiemann and Kauf-
mann, 2000; Green and Sosik, 2004; Matsumura et al., 2004;
Siripong et al., 2004; Kishino et al., 2005; Pradhan et al.,
2005).
In this paper, we have attempted to develop a site-speciﬁc
algorithm after modifying the global suspended sediment algo-
rithm (Tassan, 1994) in Case 2 waters off southern Karnataka
using Indian Remote Sensing Satellite (IRS)-P4 Ocean Colour
Monitor (OCM) data. Since in situ samples were collected in
different seasons during 2001–2003, within the continental
margin (average depth of 20 m), we retain the global sus-
pended sediment algorithm (Tassan, 1994) approach for dee-
per bathymetric values (>50 m depth) where we have no
in situ measurements. Further, regionally algorithm based
SSC maps were generated during 2004, 2005 and 2007, to
study the seasonal variability.
2. Area of study
The study area – off Dakshina Kannada and Udupi districts
of Karnataka State, India – extends for about a length of
100 km and lies between 12450–13450 N latitudes and
74150–75150 E longitudes (Fig. 1). It trends in NNW–SSE
direction and is bordered by Western Ghats in the east
and Arabian Sea in the west. The coastline of the area is
characterized by typical open, shallow water, high energy
coastal ecosystem with long sandy shore of moderate gradi-
ent. Ten major river systems draining the area from south to
north are: Netravati, Gurpur, Pavanje, Mulki, Udyavara,
Swarna, Sita, Haladi, Chakra and Kollur. All of them are
originated in the Western Ghats and debouch into the Ara-
bian Sea (Fig. 1).
The area is characterized by heavy precipitation due to the
inﬂuence of Western Ghats, receives an average annual rain-
fall of 3900 mm, of which about 80% is received during
the southwest monsoon (June–September) and the rest during
the post-monsoon (October–December) and pre-monsoon
(April–May). Post-monsoon is the northeast monsoon period
but is not prominent like southwest monsoon and ends in the
early December with less than 10% contribution to the annual
rainfall. January–March (winter–summer transition) period is
characterized by fair-weather and calm sea conditions with
gradual increase in temperature. The temperature ranges from
24 to 28 C during July–December and 29 to 33 C during
Figure 1 Map showing the study area and sampling stations.
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July–November, but remains between 35% and 50% in other
periods. The winds are mainly westerly or southwesterly and
strong during the southwest monsoon. Deep-water waves ap-
proach the coast from southwest and west directions. The
wave heights during the southwest monsoon are approxi-
mately 4 m; with average wave height of 2 m. Tides are semi-
diurnal with a mean tidal range of 1.2 m and spring tidal range
of 1.8 m (Kumar et al., 2010).3. Materials and methods
3.1. In situ SSC estimation
The in situ observations were collected during cloud free days
of 2001–2003. The coastal surface water samples were collected
using a Niskin sampler from subsurface depth (0.5 m) at 15
stations (Fig. 1), 3 l each (1 l at every 200 m interval at each
station), synchronous to the satellite overpass on multi-date
Table 1 Technical characteristics of IRS-P4 OCM sensor
(Mishra et al., 2008) and acquisition dates of the data products
used.
Spectral range 404–882 nm
No. of channels 8
Wavelength (nm) Channel 1: 404–424
Channel 2: 432–452
Channel 3: 479–499
Channel 4: 502–522
Channel 5: 547–567
Channel 6: 660–680
Channel 7: 778–788
Channel 8: 847–887
Satellite altitude (km) 720
Spatial resolution (m) 360 · 236
Swath (km) 1420
Repeativity 2 days
Quantization 12 bits
Equatorial crossing time 12 noon
Along-track steering
(to avoid sunglint)
20
Path and Row 09 and 14
Dates of data acquisition February 7, 2001; May 16, 2001;
October 19, 2001; February 14, 2002;
April 29, 2002; October 24, 2002;
February 5, 2003; May 20, 2003;
October 27, 2003; January 11, 2004;
April 8, 2004; October 27, 2004;
February 14, 2005; May 21, 2005;
November 17, 2005; March 10, 2007;
May 15, 2007 and October 16, 2007
70 K. Avinash et al.basis onboard the Coastal Research Vessel (CRV), College of
Fisheries, Mangalore. Locations were ﬁxed with the help of a
Global Positioning System (GPS). Suspended sediment con-
centration (mg/l) for each location was gravimetrically mea-
sured based on Strickland and Parsons (1972) method. Each
sample was ﬁltered through a pre-weighed Whatmann GF/F
glass ﬁbre ﬁlter paper. The ﬁlter paper was washed thrice withFigure 2 Comparison between in situ and OCM retrieved SSCdistilled water to remove the salts and dried in an oven at 75 C
for 48 h. The dried ﬁlter paper was weighed using an OHAUS
Analytical Plus balance and combusted at 500 C to burn all of
the organic material and ﬁnal weight was noted. The difference
between the combusted and the tare weight resulted in the
weight of inorganic total suspended sediment and was subse-
quently used to calculate the SSC. A handling correction and
variation in the ﬁlter paper weight loss during the ashing pro-
cess was determined by processing the blank ﬁlters.
3.2. Satellite measurements
The ocean colour data used in this study were acquired from
the OCM onboard IRS-P4. This sensor is optimally designed
to estimate/monitor the coastal and oceanic parameters such
as suspended sediments (Santosh et al., 2002; Surendran
et al., 2006), chlorophyll (Chauhan et al., 2002), phytoplank-
ton blooms (Sarangi et al., 2001) and atmospheric aerosols
(Das et al., 2002; Mishra et al., 2008). The optical sensor,
OCM onboard IRS-P4 has eight spectral bands. Out of which,
six are in the visible spectrum of electromagnetic radiation and
two are in the near infrared (NIR) region. Together they are in
the range of 404–887 nm with spectral resolution of 20 nm in
the visible bands and 40 nm in NIR bands. The spatial resolu-
tion of the sensor is 360 m · 250 m and the revisit cycle is
2 days. The speciﬁcations of the IRS-P4 satellite and OCM
sensor (Mishra et al., 2008) and acquisition dates of the data
products used for this study are given in Table 1.
The retrieval of SSC in nearshore waters involves three ma-
jor steps such as atmospheric correction of visible channels to
obtain normalized water leaving radiances followed by calcula-
tion of remote sensing reﬂectance Rrs(k) and retrieval of SSC.
3.2.1. Atmospheric correction
Atmospheric correction to remove the scattering and absorp-
tion effects of the atmosphere is mandatory for OCM data
to retrieve any of the oceanic parameters. The signal received(using Tassan’s algorithm with the published coefﬁcients).
Figure 3 Linear regression ﬁt between in situ SSC and concurrent remote sensing reﬂectance measurements for the regional tuning of
Tassan’s algorithm.
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from atmospheric scattering processes and only 8–10% of the
signal corresponds to oceanic reﬂectance (Gordon and Wang,
1994; Gordon, 1997; Chauhan et al., 2001). The radiance due
to Rayleigh scattering has been computed (Chauhan et al.,
2001; SAC Report, 2003). The top of the atmosphere (TOA)
radiance consists of the Rayleigh and aerosol radiance, since
the water-leaving radiance at the near-infrared region is zero
or near zero in Case 1 waters (Gordon, 1997; Siegel et al.,
2000) however this assumption is not valid for Case 2 waters.
Thus, the water leaving radiance in the other wavelengths at
412, 443, 490, 510 and 555 nm of the OCM sensor has been de-
duced for the estimation of the oceanic parameters correctly by
subtracting the atmospheric contribution (due to Rayleigh and
Mie scattering) from the TOA radiance.
TOA radiance in OCM channel seven (765 nm) and eight
(865 nm), mainly corresponds to contributions coming from
the atmosphere, since water leaving radiance (765 and 865 nm)
can safely be assumed to be zero (Gordon and Clark 1981).
An exponential relationship for the spectral behaviour of aero-
sol optical depth (AOD) has been used in the atmospheric cor-
rection algorithm. A relationship has been obtained for the
spectral behaviour of the AOD using channels 765 and
865 nm of OCM data. The aerosol optical thickness (AOT)
has been extrapolated to visible channels using this exponential
relationship. The OCM data were analysed using the atmo-
spheric correction algorithms based on radiative transfer model
developed initially for IRS-P3 MOS data (Mohan et al., 1998)
and later modiﬁed for IRS-P4 OCM data (Chauhan et al.,
2001). Atmospheric corrections were carried out for OCM data
by following three steps such as atmospheric correction based on
the radiative transfer equations, cloud screening and removal of
sun glitter (SAC Report, 2003). It is common to deal with spec-
tral remote-sensing reﬂectanceRrs(k), which is closely related to
the sea surface irradiance reﬂectance R(k) but makes use of
upwelling radiance (more precisely, water-leaving radiance)instead of irradiance. The term remote sensing reﬂectance is de-
ﬁned as
Rrsðh;/; kÞ ¼ Lwðh;/; kÞ
EdðkÞ ð1Þ
where, Lwðh;/; kÞ is the water leaving radiance and Ed(k) is the
downwelling irradiance which has a directional relationship
with radiance as
EdðkÞ ¼
Z 2p
/¼0
Z p=2
h¼0
Lwðh;/; kÞ cos h sin hdh d/ ð2Þ
where, h is the zenith angle and u is the azimuth angle. In other
words, the remote sensing reﬂectance decomposes the reﬂec-
tance into its component radiances as a function of the viewing
angles (h, u). The radiance detected by a space borne sensor at
the TOA in the wavelength k can be split into four terms as gi-
ven below.
LtðkÞ ¼ LaðkÞ þ LrðkÞ þ tdðkÞLWðkÞ ð3Þ
The Rayleigh path radiance Lr, the aerosol path radiance La
and the diffuse transmittance LW can be derived from the fol-
lowing equations,Aerosol path radiance:
La ¼ F0-0asaPa
4p cos h
ð4Þ
Similarly, Rayleigh path radiance:
Lr ¼ F0-0rsrPr
4p cos h
ð5Þ
where, -0a is the aerosol (Rayleigh) single scattering albedo,
sa is the AOD,
sr is the Rayleigh optical depth,
Pa is a function related to the aerosol (Rayleigh) scattering
phase function,
Table 2 Spatial and seasonal comparison between measured
in situ and OCM based retrieved SSC.
Season of the
year – 2003
Station Measured
SSC (mg/l)
OCM retrieved
SSC (mg/l)
Summer
(February 5, 2003)
1 6.77 6.32
2 7.1 7.01
3 6.45 6.22
4 6.02 5.99
5 7.8 7.98
6 4.44 4.87
7 4.04 4.36
8 5.12 5.01
9 4.89 4.97
10 6.13 6.35
11 3.12 3.06
12 2.84 3.14
13 3.33 3.12
14 2.6 2.81
15 1.47 1.56
Pre monsoon
(May 20, 2003)
1 17.44 18.15
2 9.33 9.67
3 13.44 14.04
4 12.1 12.99
5 16.51 17.31
6 11.42 11.9
7 7.45 6.82
8 7.02 7.07
9 9.14 9.86
10 7.88 7.42
11 7.43 7.38
12 3.34 3.14
13 4.12 4.63
14 3.36 3.03
15 6.12 6.66
Post monsoon
(October 27, 2003)
1 35.44 37.12
2 29.12 31.04
3 28.16 30.06
4 16.18 16.99
5 22.14 23.51
6 24.15 25.87
7 17.13 17.89
8 14.12 14.79
9 16.06 16.72
10 10.12 10.13
11 11.14 11.52
12 8.82 7.99
13 9.13 8.74
14 10.34 10.96
15 7.6 7.77
72 K. Avinash et al.hv is the satellite viewing zenith angle and
F0 is the extra-terrestrial incoming solar irradiance at the
TOA.
Rayleigh single scattering albedo -0r can safely be approx-
imated to 1.0, whereas the function P related to the scatter-
ing phase functions is given by,
PraðcÞ ¼ PraðcÞ þ ½RðhÞ þ RðhzÞ  PraðcþÞ ð6Þ
where, R is the Fresnel reﬂectance of the water surface and c+
is the forward/backward scattering angle.The phase function
for Rayleigh scattering PrðcÞ is derived as given below:
PrðcÞ ¼ 3=4½1þ cos2ðcÞ ð7Þ
The phase function for aerosol scattering Pa(c
±) can be mod-
elled by a two-term Heyney–Greenstein phase function as:
PaðcÞ ¼ Afðc; g1Þ þ ð1 AÞfðc; g2Þ ð8Þ
where; fðc; gÞ ¼ ð1 g2Þ=½1þ g2  2g cos c3=2 ð9Þ
with A= 0.985, g1 = 0.8 and g2 = 0.5.
The atmospheric diffuse transmittance associated with
the water-leaving radiance term in Eq. (3) is a function of
solar and satellite zenith angles and has dependencies on
Rayleigh and ozone absorption optical thickness respec-
tively, the sun zenith angle, and the ozone absorption opti-
cal thickness as
td ﬃ exp 1
cos h
þ 1
cos hs
 
 s2
2
þ s0z
n o 
ð10Þ
where, hs and s0z are respectively the sun zenith angle and
ozone optical depth.
In Eq. (3), the Rayleigh and aerosol path radiances together
constitute the atmospheric path radiance. In order to obtain
the water leaving radiance from the detected radiance, Lr
and La have been removed from Lt and divided by td. The
Rayleigh path radiance could be computed since the Rayleigh
optical depth and the Rayleigh phase functions were known.
The diffuse transmittance is also computed using the Rayleigh
optical depth and the ozone absorption optical depth
information. In order to measure the ozone optical depth
(OOD), the climatology was used since the OOD value is very
small and does not have much variability in the spectral range
of an ocean colour sensor. However, the aerosol path radiance
is difﬁcult to determine since the aerosol parameters are highly
variable in space and time and there is no prior information on
the aerosol optical depths and their spatial distribution. How-
ever, by making use of the radiances in the wavelengths above
700 nm, it is possible to determine indirectly the aerosol path
radiance through the procedure described below.
It is assumed that in the spectrum of the water leaving radi-
ance, there will be no radiance for wavelengths k > 700 nm
due to the strong infrared absorption by water. Therefore,
the detected top of atmosphere radiance is just the sum of Ray-
leigh and aerosol path radiances. After removing the Rayleigh
path radiance from the detected radiance, remaining compo-
nent is the aerosol path radiance. By ﬁnding the aerosol path
radiance for the wavelengths above 700 nm and using its var-
iation with respect to different wavelengths, the aerosol path
radiance in the ocean colour sensors is computed through
extrapolation. Two methods of extrapolation suggested by
Gordon (1997) are described below.3.2.1.1. A˚ngstrom exponent method. Since Lw 0 for
k > 700 nm, Eq. (3) can be written as
Lt ¼ La þ Lr ð11Þ
i:e:;La ¼ Lt  Lr:
Observations carried out on different types of aerosols indicate
that the wavelength dependency of the AOD can be modelled
by a power law to a good degree of approximation by
sa a ðkÞa ð12Þ
which is called as the A˚ngstrom relation where a is known as
the A˚ngstrom exponent. Applying Eq. (12) on the expression
Regionally tuned algorithm to study the seasonal variation of suspended sediment concentration 73for aerosol path radiance Eq. (1) and assuming the phase func-
tion to be constant over the range of wavelengths considered,
La
F0
¼ KðkÞa ð13Þ
where, K is a constant.
Taking log on both sides,
log
La
F0
 
¼ aK logðkÞ ð14Þ
a is assumed to be the negative of the slope of the best ﬁt line of
log(La/F0)log(k) for two or more wavelengths greater than
700 nm. In the case of IRS-P4 OCM, the wavelengths used
are 765 nm (band-7) and 865 nm (band-8). Using these two
bands, one can determine the A˚ngstrom exponent for each pix-
el of the image as:
logðLa1=F01Þ  logðLa2=F02Þ
logðk2Þ  logðk1Þ ¼ a ð15Þ
where, the sufﬁxes 1 and 2 correspond to the two atmospheric
correction bands. Further the aerosol path radiances in the
ocean colour wavelengths corresponding to the OCM bands
1–5 may be computed as:Figure 4 Shows the comparison between in situ measuremenLaðk < 700 nmÞ ¼ L01ðF0=F01Þðk=k1Þ ð16Þ
Now the water-leaving radiance can be computed as
Lw ¼ t1d ½Lt  Lr  La ð17Þ3.2.1.2. Method of exponential relation. In this approach, in-
stead of the power law, the aerosol optical depth is assumed
to have an exponential relationship on the wavelength. Again,
considering the phase function to remain constant over the
ocean colour wavelength range, Eq. (13) is modiﬁed into:
La
F0
¼ K expðCkÞ ð18Þ
where, C is a constant.
By taking the log value,
log
La
F0
 
¼ KCk ð19Þ
In this case, log(La/F0) is plotted against k and c is determined
as the negative of the slope of the straight line as:
logðLa1=F01Þ  logðLa2=F02Þ
k2  k1 ¼ C ð20Þts and OCM retrieved SSC (based on modiﬁed algorithm).
74 K. Avinash et al.Once C is known, the aerosol path radiance for the wave-
lengths below 700 nm can be determined as,
Laðk < 700 nmÞ ¼ L01  ðF0=F01Þ  expðCk=k1Þ ð21Þ
Then Lw is computed as given by Eq. (17).
Of the above-mentioned two methods, the ﬁrst method was
implemented in the present study. Required bands of the OCM
data were imported to OCM DP software (developed by the
Space Applications Centre, Ahmadabad). After performing
atmospheric corrections, water leaving radiances (Lw) in bands
490, 555 and 670 nm were calculated and converted into re-
mote sensing reﬂectance. The images were geo-referencedFigure 5 Showing the spatial distribution of SSC in differusing predeﬁned ground control points and resampled using
cubic convolution interpolation technique. Further the area
of study covering the southern Karnataka, India was subseted
from the full scene of OCM.
3.2.2. Retrieval of suspended sediment
Carder et al. (1999) and Morel (1980) distinguished empirical
and analytical methods for water constituent retrieval. Empir-
ical algorithms are derived by statistical regression (Kabbara
et al., 2008; Mahasandana et al., 2009) whereas analytical algo-
rithms are based on simpliﬁed solutions of the radiative transfer
equation. This usually requires approximations or calibrationent seasons (a–c), during 2004, 2005 and 2007 periods.
Regionally tuned algorithm to study the seasonal variation of suspended sediment concentration 75with empirical coefﬁcients (Carder et al., 1999), while statistical
regression often leads to solutions that coincide with properties
known from physical models (e.g. normalizing band ratios
(Gitelson, 1992), explaining the epithet ‘‘semi-’’ from either
sides. Either type of algorithm is usually applied as a band
arithmetic solution for one constituent at a time, although
empirical solutions can also be found by other approaches
(Gonzalez Vilas et al., 2011; Tyler et al., 2006). In this study
SSC in coastal areas is primarily derived using remote sensing
reﬂectance in bands 490, 555 and 670 nm. The algorithm pro-
posed by Tassan (1994) was initially used to compute sus-
pended sediments from OCM data that have the following
mathematical form:
log S ¼ 1:83þ 1:26 logXs
for 0:0 6 S 6 100:0 ð22Þ
where S is SSC in mg/l and Xs is a variable deﬁned as:
Xs ¼ ½Rrsð555Þ þRrsð670Þ  ½Rrsð490Þ=Rrsð555Þ1:2; ð23Þ
where Rrs is remote sensing reﬂectance in the respective
wavelengths.
The above algorithm (Eq. (22)) has been modiﬁed and eval-
uated using collocated and concurrent match-up dataset of
in situ and remote sensing reﬂectance during 2001–2003 to re-
trieve SSC. A total of 120 such observations were randomly ta-
ken from the whole study area in summer, pre-monsoon and
post-monsoon periods of 2001 (February, May and October
respectively) and 2002 (February, April and October respec-
tively). These satellite based observations (Xs) were regressed
with the corresponding in situ measurements that wereTable 3 Year-wise one-way ANOVA results for evaluating the sea
Source of variation DFa SSb
Spatial variation in 2004
Between stations 14 483.82
Within station 30 1048.51
Total 44 1532.33
Seasonal variation in 2004
Between seasons 2 909.79
Within season 42 622.54
Total 44 1532.33
Spatial variation in 2005
Between stations 14 571.99
Within station 28 154.74
Between seasons 2 507.63
Total 44 1234.36
Seasonal variation in 2005
Between seasons 2 507.63
Within season 42 726.73
Total 44 1234.36
Spatial variation in 2007
Between stations 14 544.61
Within station 30 1053.71
Total 44 1598.32
Seasonal variation in 2007
Between seasons 2 928.79
Within season 42 669.53
Total 44 1598.32
a Degrees of freedom.
b Sum of squares.
c Mean square.collected synchronous to the satellite overpass and measured
using the standard procedure (Strickland and Parsons, 1972;
APHA, 1992). The modiﬁed algorithm was used to retrieve
SSC in 2003 in the months of February, May and October.
By comparing the in situ measurements from the sampling sta-
tions (Fig. 1) and corresponding satellite retrieved values, suit-
ability of the algorithm was tested. As it performed well under
different test conditions, the modiﬁed algorithm was used to
estimate SSC in 2004, 2005 and 2007. The measurements were
subjected to one way ANOVA to derive the seasonal and spa-
tial distribution pattern (SigmaPlot Ver. 11.0. Systat Software
Inc.).4. Results and discussion
4.1. Regionally tuned Tassan’s algorithm
A comparison of Tassan’s algorithm (Eq. (22)) based OCM de-
rived SSC with corresponding in situ measurements (n= 60)
shows that the Tassan’s algorithm underestimates the retrieved
SSC with an overall bias of 14.12 mg/l and root mean square
(RMS) difference of 16.1 mg/l (Fig. 2). However, the relative
distribution pattern of the Tassan’s algorithm based SSC
matches reasonably well with in situ observations (Fig. 2).
Pradhan et al. (2005) have validated the OCM derived SSC
products over the Bay of Bengal which indicated R2 value of
0.97 with RMS error of 12.5 mg/l. In view of improving the
accuracy of SSC measurement from OCM, we have attempted
to establish a statistical relationship between the in situ SSC
and OCM based remote sensing reﬂectance after log-transfor-son- and station-wise signiﬁcance of SSC variations.
MSc F P
34.56 0.989 0.487
34.95
454.90 30.690 <0.001
14.82
40.86 7.393 <0.001
5.53
253.81
253.81 14.669 <0.001
17.30
38.90 1.108 0.391
35.12
464.40 29.132 <0.001
15.94
Figure 6 Map showing the spatial and seasonal distribution pattern of SSC during 2004 (a–c), 2005 (d–f) and 2007 (g–i).
76 K. Avinash et al.mation. The linear ﬁt yielded regionally tuned new coefﬁcients
which were replaced in place of Tassan’s global coefﬁcients.
The improved relationship compared to Tassan’s global algo-
rithm (Eq. (22)) has been established in the following mathe-
matical form:
logðSÞ ¼ 4:169þ 1:05 logðXsÞ
for 0:0 6 S 6 100:0 ð24Þwhere S is SSC inmg/l, Xs is a factor relating the remote sensing
reﬂectance, Rrs at 490, 555, and 670 nm and is given in Eq. (23).
The tuned algorithm was shown to retrieve SSC with range of
1.1–37.12 mg/l, which means it can be used for coastal waters.
The effectiveness of established relationship can be evalu-
ated in the diagram of Fig. 3, which shows log–log plot of
OCM based remote sensing reﬂectance and corresponding
in situ observations. The coefﬁcients of the tuned algorithm
Figure 7 Monthly precipitation at Mangalore region during 2005.
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relationship (p< 0.05 at 95% conﬁdence level) between
in situ SSC and OCM derived remote sensing reﬂectance with
R2 (coefﬁcient of determination) value of 0.98 (Fig. 3).
The performance of the tuned algorithm was then tested
with the seasonal in situ measurements during 2003 in the ﬁxed
stations (Fig. 1). Comparison of the in situ SSC and regionally
tuned OCM-SSC is presented in Table 2 and depicted in Fig. 4.
A close agreement between the two datasets was observed in
different seasons of 2003. Comparative analysis indicated a
statistically signiﬁcant relationship with R2 value of 0.99, bias
of 0.36 mg/l and RMS difference of 0.73 mg/l. This result
clearly demonstrated the improvement of SSC measurement
from OCM using regionally tuned Tassan’s algorithm
(RMS= 0.73 mg/l) over the globally coefﬁcient based Tas-
san’s algorithm (RMS= 16.1 mg/l).
4.2. Regionally tuned Tassan’s algorithm for seasonal SSC
measurement
The regionally tuned Tassan’s algorithm was used to estimate
seasonal variations in the suspended sediment distributions
during 2004, 2005 and 2007. The measurements were com-
puted using one way ANOVA to derive the seasonal and spa-
tial distribution pattern. In the summer (Fig. 5a), the SSC
varied from 1.13 mg/l (St. 12) to 8.14 mg/l (St. 4) in January
2004; from 1.84 mg/l (St.12) to 8.11 mg/l (St. 2) in February
2005, whereas, in March 2007, concentration varies from
2 mg/l (St. 12) to 8.52 mg/l (St. 1). In the pre-monsoon
(Fig. 5b), the SSC varied from 2.8 mg/l (St. 15) to 10.58 mg/l
(St. 2) in April 2004; from 3.56 mg/l (St. 13) to 12.76 mg/l
(St. 1) in May 2005, whereas 3.85 mg/l (St. 15) to 12.89 mg/l
(St. 1) SSC was recorded in May 2007. In the post-monsoon
(Fig. 5c), SSC varied from 8.56 mg/l (St. 13) to 28.1 mg/l (St.1) in October 2004; whereas, SSC ranged from 5.48 mg/l (St.
14) to 23.12 mg/l (St. 3) and 27.85 mg/l (St. 1) to 8.14 mg/l
(St. 15) during November 2005 and October 2007, respectively.
Year-wise one way ANOVA results (Table 3) suggest that
the differences in the mean values among the sampling stations
are not great enough to exclude the possibility due to random
sampling variability during 2004. The power of performed test
(0.050) is below the desired power of 0.800 whereas, the differ-
ences in the mean values among the treatment groups (season-
wise) are greater and are statistically signiﬁcant (p< 0.001)
(Table 3). All pair-wise multiple comparisons (using Holm–
Sidak method) indicated that the variation of suspended
sediments is signiﬁcant (where P is less than the critical level)
during summer vs. post-monsoon and pre-monsoon vs. post-
monsoon, but insigniﬁcant in summer vs. pre-monsoon. In
2005, the differences in the mean values among the treatment
of station- and season-wise are greater than expected and hav-
ing a statistically signiﬁcant difference (p< 0.001) (Table 3).
All pair-wise multiple comparisons indicate that the SSC var-
ied signiﬁcantly between stations (>20%) and seasons during
summer vs. post-monsoon and pre-monsoon vs. post-mon-
soon, whereas in summer vs. pre-monsoon it is found to be
insigniﬁcant. However, in 2007, the differences in the mean
values among the treatment groups of stations are not great
enough to exclude the possibility and do not show a statisti-
cally signiﬁcant difference (p= 0.391). The power of per-
formed test (0.078) is also lower than the desired power of
0.800. Differences in the mean values among the treatment
groups of season are greater than expected and showing statis-
tically signiﬁcant difference (p< 0.001) (Table 3). In this year,
all pair-wise multiple comparisons indicate that variation of
SSC is varied signiﬁcantly during all the three seasons.
The SSC was higher in the nearshore waters and decreased
toward the offshore. Stations 1–6, which fall on 5 mbathymetric
Figure 8 Monthly mean spatial patterns of wind stress (N/m2) vectors were estimated using the TOGA/COARE bulk ﬂux algorithm
(Fairall et al., 1996) by coupling the 10-m wind speed. The grey contour indicating the 500-m isobaths.
78 K. Avinash et al.contour showed higher concentrations in all the three seasons
compared to the stations located further offshore (Fig. 6a–i).
The maximum SSCwas recorded in the post-monsoon followed
by pre-monsoon (Fig. 6b,c,e,f,h,i).
4.2.1. The possible causes of high SSC during post-monsoon
SSC distribution in the study area is inﬂuenced by southwest
monsoon and followed by perennial streams. Rainfall and riv-
er discharge in this area are highly seasonal, mainly related to
river discharge but appears to be due to resuspension of sedi-
ments by tidal currents (Avinash et al., 2011). Higher rainfall
during June–September (Fig. 7) and subsequent high turbid in-
put from river runoffs mainly contributes to the sediment var-
iability in the study region. In addition, offshore divergence of
the alongshore wind stress component (Fig. 8) which induces
coastal upwelling plays signiﬁcant role for off shore transpor-
tation of SSC. The analysis of rainfall data indicates that the
higher rainfall (>4000 mm) is associated with the southwest
monsoon of 2004, 2005 and 2007, which could transport river-
ine inputs to the coastal and offshore waters of Mangalore re-
gion (Fig. 7). Other processes such as erosion of beaches by
energetic waves and turbulence generated by stronger currents
during the southwest monsoon also contribute to the increasedconcentrations during post-monsoon seasons. High turbidity
even during low river discharge periods (October to May)
shows that tidal currents are the dominant mechanism of sus-
pended sediment dispersal in coastal waters off southern
Karnataka.
Further the interpretation of satellite images has indicated
that the littoral drift direction is south to north during the
southwest monsoon and north to south during the summer.
Similar observations have been made by Hariharan et al.
(1978), Jayappa (1996), Narayana et al. (2001), Jayappa et al.
(2003), Avinash et al. (2011). Southwest monsoon is stronger
and endures over a longer period of the year than northeast
monsoon, and during this period coastal currents are in a clock-
wise direction, while during the northeast monsoon reversal of
the same takes place. During summer, northwest currents pre-
dominate with moderate sea conditions. Pre-monsoon and
post-monsoon are the transitional periods and littoral drift
may be either to the north or to the south depending on wave
approach angles. However, there are localized variations in
some of the sectors because of the coastal conﬁguration and
presence of coastal structures. It is also observed that when
the westerly waves approach the shore, onshore-offshore move-
ment of the sediment is dominated. Suspended materials are
Figure 9 Digitally enhanced IRS 1D LISS III image (September, 2007) showing the sediment discharge pattern during the late monsoon
period.
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ing the southwest monsoon due to high discharge capacity of
rivers and associated dominance of riverine currents over tidal
currents. In some images patches of relatively less turbid water
within the highly turbid zone (Figs. 6 and 9) were noticed which
may be due to intrusion of clear offshore waters or rapid set-
tling of suspended sediments due to decrease in tidal currents.
During spring tide, the seaward front of the highly turbid zone
appears straight probably because of truncation of tidal cur-
rents by general east–west circulating waters. However, the
higher concentrations of suspended sediments recorded at the
nearshore stations in all the seasons may be attributed to the lit-
toral drift.
5. Conclusions
This paper demonstrated the improvement of IRS-P4 (OCM)
based SSC measurement using regionally tuned Tassan’s algo-
rithm in the coastal waters off southern Karnataka. The tuned
algorithm was shown to retrieve SSC with range of 1.1–
37.12 mg/l with RMS of 0.73 mg/l, thus shown to allow reli-
able and repeatable SSC estimates even in highly turbid near-
shore waters, where Tassan’s algorithm underestimates about
16 times. However, more sea-truth validation should be carried
out to ﬁne-tune the proposed algorithm beyond 20 m
bathymetry.
The tuned regional algorithm was used to estimate SSC in
2004, 2005 and 2007 which shows the concentration varied
from 1.13 to 28.1 mg/l in 2004, 1.84 to 23.12 mg/l in 2005and 2 to 27.85 mg/l in 2007. Signiﬁcant seasonal variation of
SSC has been observed in the study area. Spatial variation is
statistically not signiﬁcant, however notably higher concentra-
tions have been observed in the nearshore/shallow waters in
comparison with offshore waters.
Intense rainfall during June–September (maximum being
62 inch during July, Fig. 7) and subsequent high turbid input
from river runoffs (as seen in OCM and high spatial resolution
LISS III image) majorly control the SSC variability in the
study region. In addition, offshore divergence of the along-
shore wind stress component (Fig. 8) which induces coastal
upwelling plays signiﬁcant role for offshore transportation of
SSC. This study has proven the potential of satellite observa-
tions for SSC mapping to study the spatial and seasonal pat-
tern in shallow water off southern Karnataka.Acknowledgements
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